During replication, oral polio vaccine (OPV) can revert to neurovirulence and cause paralytic poliomyelitis. In individual vaccinees, it can acquire specific revertant point mutations, leading to vaccine-associated paralytic poliomyelitis (VAPP). With longer replication, OPV can mutate into vaccine-derived poliovirus (VDPV), which causes poliomyelitis outbreaks similar to those caused by wild poliovirus. After wild poliovirus eradication, safely phasing out vaccination will likely require global use of inactivated polio vaccine (IPV) until cessation of OPV circulation. Mexico, where children receive routine IPV but where OPV is given biannually during national immunization days (NIDs), provides a natural setting to study the duration of OPV circulation in a population primarily vaccinated with IPV. We developed a real-time PCR assay to detect and distinguish revertant and nonrevertant OPV serotype 1 (OPV-1), OPV-2, and OPV-3 from RNA extracted directly from stool and sewage. Stool samples from 124 children and 8 1-liter sewage samples from Orizaba, Veracruz, Mexico, collected 6 to 13 weeks after a NID were analyzed. Revertant OPV-1 was found in stool at 7 and 9 weeks, and nonrevertant OPV-2 and OPV-3 were found in stool from two children 10 weeks after the NID. Revertant OPV-1 and nonrevertant OPV-2 and -3 were detected in sewage at 6 and 13 weeks after the NID. Our real-time PCR assay was able to detect small amounts of OPV in both stool and sewage and to distinguish nonrevertant and revertant serotypes and demonstrated that OPV continues to circulate at least 13 weeks after a NID in a Mexican population routinely immunized with IPV.
Since the World Health Organization (WHO) unveiled a plan to eradicate poliomyelitis in 1988, the number of reported annual global cases dropped from 350,000 to 1,606 in 2009 (1) . The last case of wild poliovirus type 2 was reported in 1999, and all serotypes of indigenous wild poliovirus have been eliminated from all but four countries. This has been accomplished primarily with the use of the Sabin oral polio vaccine (OPV), used in most of the developing world because it is inexpensive and easy to administer and promotes herd immunity since it is shed in the stools of vaccinees and can spread to their close contacts. However, as a live, attenuated RNA virus, OPV can mutate into neurovirulent forms.
OPV can cause vaccine-associated paralytic poliomyelitis (VAPP) in vaccinees or their close contacts at a rate of about 1 case per 500,000 primary vaccinees (15) . As OPV replicates in the gut, it rapidly acquires specific point mutations in stemloop V of the 5Ј untranslated region (OPV serotype 1 [OPV-1], 480 G to A; OPV-2, 481 A to G; OPV-3, 472 U to C) that reverts OPV back to the wild-type sequence at those positions. These mutations, though often encountered in healthy vaccinees, are known to be associated with VAPP and increased neurovirulence. More recently, it has been discovered that with prolonged replication, the OPV genome can mutate 1 to 15% to form vaccine-derived poliovirus (VDPV), capable of causing poliomyelitis outbreaks in undervaccinated communities (14) . To date, 12 independent VDPV outbreaks have been identified. The attack rate and severity of disease associated with VDPV are similar to those seen with wild polioviruses (6) .
There is debate about how to phase out the use of polio vaccine after wild-type polio eradication due to the risk of outbreaks from continued circulation of mutant forms of OPV. A safe but possibly expensive strategy would be to globally stop all OPV and administer inactivated polio vaccine (IPV) until all OPV circulation ceases. IPV is more expensive than OPV and is thought to provide inferior intestinal immunity, but it is effective at preventing poliomyelitis and does not have the potential to mutate into neurovirulent forms. However, there are few data regarding OPV circulation after IPV administration, especially in the era of PCR detection. Data from older, tissue culture-based studies may have underestimated the circulation of OPV and, thus, how long IPV would need to be given if there was a global switch to IPV. Children previously vaccinated with IPV are known to shed OPV for a longer period after an OPV challenge than children previously vaccinated with OPV, but population studies are lacking (2, 9) . Mexico switched to a primary IPV regimen in 2007, but it still gives OPV during semiannual national immunization days (NIDs). With its unique vaccination practices, Mexico is an ideal setting to study the duration of OPV circulation in a population now vaccinated with IPV.
Traditionally, polioviruses are isolated from OPV vaccinees and VAPP patients by treating their stool specimens with chloroform and inoculating the supernatant into a variety of cell cultures (19) . A second cell culture passage is generally required to identify the viral serotype. The virus grown in cell culture can then be further characterized using conventional or real-time PCR (7) . The traditional method has the advantage of producing large concentrations of virus for characterization and sequencing and is well-suited for diagnostic purposes. However, for research purposes, this method has several disadvantages compared to performing reverse transcription and real-time PCR directly on RNA extracted from stool. First, growth in cell culture can lead to in vitro mutation of the virus, such that the virus identified after cell culture passage may not represent the genotype that was actually present in the patient's stool (8) . Second, the cell culture step increases the time needed to obtain a result on the order of 1 to 3 weeks. Further, cell culture has been reported to be approximately 100-fold less sensitive than real-time PCR (3). Finally, including a cell culture step means that one cannot quantify the amount of virus present in the original sample, unlike with real-time PCR alone.
Our laboratory at Stanford previously reported a real-time PCR assay that could rapidly and efficiently detect and distinguish nonrevertant OPV-3 and revertant OPV-3 containing the characteristic point mutation in the 5Ј untranslated region (4) . We have since modified this assay to increase the sensitivity for revertant OPV-3 and have developed similar assays to detect and distinguish nonrevertant and revertant OPV-1 and -2. In this article, we describe this novel real-time PCR assay and report the results from our pilot study in which this assay was used to investigate the circulation of OPV and its revertant forms in stool and sewage in and around Orizaba, Veracruz, Mexico, 6 to 13 weeks after a NID.
MATERIALS AND METHODS
Study design and population. This was a cross-sectional study conducted in four municipalities in or near Orizaba, Veracruz, Mexico (Rio Blanco, Orizaba, Rafael Delgado, and Tlilpanan). Enrollment occurred in August and September of 2009. The 124 children enrolled were evenly divided among the four municipalities and were between 0 and 2 years old. Inclusion criteria included having received or planning to receive IPV as their primary, scheduled vaccine regimen. Exclusion criteria included receipt of OPV as part of the primary vaccine regimen, international travel in the last 4 months, or unknown vaccination history. Receipt of OPV during the NID that occurred from 8 to 26 June 2009 was recorded but was neither an inclusion nor an exclusion criterion.
After informed consent was obtained from the parents or legal guardians of the study subjects, the following data were collected on each subject: age, vaccination history, travel history, breast-feeding and other nutritional history, general health, and household information. Anthropometric indices such as height, weight, and head circumference were taken. A stool sample was collected from each subject either at the initial visit or within a week of the initial visit. In addition, 1 liter of sewage was collected from each of four arroyos draining the four municipalities 6 and 13 weeks after the end of the NID (5 August and 23 September 2009). This study received approval from the Stanford Institutional Review Board, the Comisión de Ética and the Comisión de Bioseguridad of the Mexican National Institute of Public Health, and the Public Health Center of Orizaba, Veracruz, Mexico.
Sample processing. The stool and sewage samples were aliquoted, labeled, and then frozen at Ϫ80°C until shipment on dry ice to Stanford. At Stanford, the sewage was thawed, separated into 100-ml aliquots, and concentrated with a vacuum filtration method using HAWG 0.45-m-pore-size filter membranes (Millipore Inc., Billerica, MA) as previously described (17) . The filtered sewage and filter membrane were added to cryovials containing 500 l of guanidine isothiocyanate (GITC) buffer (GITC buffer contained 5 M guanidine thiocyanate, 100 mM EDTA, and 0.5% N-lauroyl sarcosine) and 350 l of RLT buffer (Qiagen, Valencia, CA) containing ␤-mercaptoethanol, vortexed, and stored at Ϫ80°C.
After they were thawed, the stool and filtered sewage samples were disrupted or homogenized. The stool was disrupted by adding approximately 100 l stool to 900 l of the RLT buffer containing ␤-mercaptoethanol, aggressively vortexing the solution for 1 min, centrifuging the solution at 14,000 rpm for 3 min, and then collecting 700 l of supernatant. The filtered sewage solution and filter membrane (ripped with sterile forceps) were homogenized by transferring them to a QIAshredder spin column, centrifuging for 2 min, and collecting the flow through (Qiagen, Valencia, CA).
RNA extraction. The RNA extraction procedure was common to both the homogenized stool and sewage samples. An RNeasy minikit (Qiagen, Valencia, CA) was used according to the manufacturer's protocol. Positive-and negativecontrol reactions were included in each set of extractions. Extracted RNA preparations were stored at Ϫ80°C.
Reverse transcription. After viral RNA extraction, reverse transcription was performed to create cDNA. Five microliters of extracted sample was combined with 1 l random hexamer primer (3 g/l; Invitrogen, Carlsbad, CA), 1 l 10 mM deoxynucleoside triphosphate (dNTP) mix (10 mM each dNTP), and 5 l distilled water. This reaction mixture was heated to 65°C for 5 min and then quick chilled on ice. Four microliters 5ϫ first-strand buffer (Invitrogen, Carlsbad, CA), 2 l 0.1 M dithiothreitol, and 1 l RNaseOut recombinant RNase inhibitor (40 units/l; Invitrogen, Carlsbad, CA) were added, mixed with gentle pipetting, and incubated at 25°C for 2 min. Finally, 1 l (200 units/l) of SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) was added and mixed with gentle pipetting. The mixture was incubated at 25°C for 10 min, 42°C for 50 min, and 70°C for 15 min. Forty-five microliters of distilled water was added to the reaction mixture, before proceeding to the PCR assay. Positive and negative controls were included with each set of reactions.
Real-time PCR method. Each reverse transcription product then underwent real-time PCR analysis, with six different assays run in duplicate to detect both the revertant and nonrevertant OPV serotypes. The primers and probes used are presented in Table 1 . Five microliters of the reverse transcription reaction mixture was combined with 10 l TaqMan universal PCR master mix without uracil-N-glycosylase (Applied Biosystems, Foster City, CA), 0.05 l TaqMan probe (Applied Biosystems, Foster City, CA), 0.9 l each of forward and reverse primers, and 3.15 l distilled water. Cycling conditions were as described previously (4) . Samples which returned average cycle threshold (C T ) values of Ͼ35 from duplicate assays were considered negative, due to an increased number of false-positive results above this C T .
The following formula was used to calculate the revertant proportion (RP): 2 ϪrevCT /(2 ϪrevCT ϩ 2 ϪnonrevCT ), where revCT and nonrevCT are revertant and nonrevertant C T s, respectively.
Development of PCR assay. Using Primer Express software (version 3.0; Applied Biosystems, Foster City, CA), separate primer and probe sets were created for the three serotypes and their revertant forms. The forward primers were constructed using the principles of the mismatch amplification assay, such that the penultimate nucleotide overlaps with the revertant point mutation and the forward primer sequence for the revertant and nonrevertant assays for each serotype differed only by the last two nucleotides (10) . We previously published the nonrevertant primer and probe combination for OPV-3 (4) and now describe the revertant OPV-3 forward primer and the primer and probe sets for nonrevertant and revertant OPV-1 and OPV-2.
Stocks of positive controls (Sabin type 1, GenBank accession no. AY184219; Sabin type 2, GenBank accession no. AY184220; Sabin type 3, GenBank accession no. AY184221; revertant type 1, GenBank accession no. V01149; revertant type 2, GenBank accession no. AY238473; revertant type 3, GenBank accession no. POL3L37) were obtained from the United States Food and Drug Administration (FDA) courtesy of Konstantin Chumakov. From these seed stocks, we grew stocks of positive controls in Hep2 cells using methods described in the WHO Polio Laboratory Manual (19) . Isolates were sequenced (Sequetech, Mountain View, CA) to confirm that the region to be amplified in the 5Ј untranslated region conformed to the known sequences for nonrevertant and revertant OPV-1, -2, and -3. These isolates were also tested with the real-time PCR assay to ensure that there was no cross-reaction with the other serotypes. The concentrations of our controls were calculated by inoculating plates of Hep2 cell cultures with serial dilutions of the control viruses in duplicate to calculate the 50% cell culture infectious dose (CCID 50 ). Control stocks were used to compare different primer/probe sets until the most sensitive sets with minimal 1778 TROY ET AL. J. CLIN. MICROBIOL.
cross-reaction between serotypes were obtained ( Table 1 ) and then to calculate the lower limit of detection of the assays. Statistical analysis. In analyzing characteristics between OPV shedders and nonshedders, Fisher's exact test was used for categorical outcomes, and the t test was used for continuous outcomes.
RESULTS
Sensitivity and discrimination of real-time PCR assays. We spiked serial dilutions of control nonrevertant and revertant viral suspensions into control stool samples and performed a complete cycle of RNA extraction, reverse transcription, and real-time PCR to determine the sensitivity of our assays. We were able to detect as few as 3, 0.4, and 5 CCID 50 virus in 100 l of stool for nonrevertant OPV-1, -2, and -3, respectively, and 12, 0.09, and 37 CCID 50 virus in 100 l of stool for revertant OPV-1, -2, and -3, respectively (Fig. 1 ). Using our revertant proportion formula with the results from our nonrevertant and revertant real-time PCR assays, we were also able to distinguish nonrevertant and revertant strains up to a cycle threshold of 35, our cutoff for detection of OPV (Fig. 2) . With the exception of one outlier among the revertant OPV-2, all of the serial dilutions of revertant OPV-1, -2, and -3 with cycle thresholds of Յ35 had a revertant proportion of Ͼ0.8, and all of the serial dilutions of nonrevertant OPV-1, -2, and -3 with cycle thresholds of Յ35 had a revertant proportion of Ͻ0.2. Further, in order to verify the discrimination of our assay, we shortened the forward primers so that they would not overlap with the revertant point mutation (which made the assay about 100fold less sensitive) and sequenced the purified real-time PCR products using these shortened primers (Quintarabio, Albany, CA). While the concentrations of virus from the samples in the Mexican pilot study described here were too low for us to be able to sequence virus in this manner, we were able to sequence virus at higher concentrations from stool samples from another study (results not shown). In all cases, the sequencing results corresponded to our PCR assay results in terms of discrimination between the nonrevertant and revertant serotypes.
Of note, our laboratory has previously published a favorable side-by-side comparison of our real-time PCR assay to mutant analysis by PCR and enzyme cleavage, a method developed by the FDA, to detect and distinguish nonrevertant and revertant OPV-3 (4). We have since changed the sequence of the revertant forward primer, as we noted that this increased the sensitivity of our assay for revertant OPV-3 by approximately 60-fold.
Testing of samples from Mexican pilot study. A total of 124 stool samples (1 from each enrolled child) and 5 1-liter samples of sewage were analyzed. Characteristics of the 124 enrolled children are described in Table 2 . Study participants, on average, had received three doses of IPV, and only 27% of them had received OPV in the most recent NID. Four of the 124 children had detectable OPV in their stool (revertant OPV-1 at 7 weeks, revertant OPV-1 at 9 weeks, and both nonrevertant OPV-2 and OPV-3 in 2 children at 10 weeks after the NID; Table 3 ).
All three serotypes of OPV were detectable in 3/3 1-liter samples of sewage at 6 weeks and 1/2 1-liter samples of sewage at 13 weeks after the NID ( Table 4 ). The liter of sewage that did not contain all three serotypes still contained two serotypes nificant intraoperator variability in the sewage analysis, and we determined that including the filter membrane in the QIAshredder, as opposed to just the buffer in which the membrane was stored, markedly improved sensitivity. Consequently, we included only the 5 1-liter samples processed in this manner in our analysis. These 5 1-liter samples include 2 samples from arroyos draining urban municipalities at 6 weeks, the sample from the arroyo draining the rural municipalities at 6 weeks, and 2 samples from arroyos draining urban municipalities at 13 weeks after the NID (Table 4 ).
DISCUSSION
In this paper we describe our novel real-time PCR assay that can detect and accurately distinguish nonrevertant and revertant OPV serotypes 1, 2, and 3 at levels as low as or lower than 37 CCID 50 virus in 100 l of stool from RNA extracted directly from stool and sewage. Using this assay, we show that OPV continues to circulate at least 13 weeks after a NID in a Mexican community primarily vaccinated with IPV. IPV is felt to provide inferior intestinal immunity compared to OPV, and consequently, OPV circulation might continue for a longer period in this population than in a community primarily vaccinated with OPV. Children vaccinated with IPV have been found to have increased OPV shedding after an OPV challenge than children primarily vaccinated with OPV (37% IPVvaccinated children with continued shedding at 3 weeks versus 5% of OPV-vaccinated children with continued shedding at 3 weeks) but less OPV shedding than previously unvaccinated children (of whom 81% were still shedding at 3 weeks) (2, 9) .
The duration of shedding that we report is longer than that reported in a New Zealand study, which monitored stool and sewage for the presence of OPV after New Zealand changed to a national IPV vaccination regimen (5) . In New Zealand, OPV was detected in stools at up to 4 weeks and in sewage at up to 12 weeks after the change. The longer duration of shedding that we report could be due to differences in climate and hygiene between the two countries or because the cell culture method to detect OPV used in the New Zealand study may have been less sensitive at detecting OPV than our PCR method. Our results appear to be similar to those from a study in Cuba, where IPV is not used and polio vaccination is done exclusively through semiannual NIDs with OPV (13) . The Cuban study, using a cell culture technique to detect OPV, found that OPV was detectable in stool samples until between 7 and 15 weeks and in sewage until between 15 and 19 weeks after an NID. The proportions of children with detectable OPV in stool a The only variable that showed any statistically significant difference between the 4 subjects with OPV isolated from their stools and the other 120 subjects, using Fisher's exact test for categorical variables and a t test for continuous variables, was average body mass index (20.0 versus 17.3 kg/m 2 , P ϭ 0.0232). Unless indicated otherwise, data represent number (percent) of subjects. b n ϭ 123, as the response was unknown for one enrollee. c n ϭ 87, as the response was unknown for 37 enrollees. samples in the Cuban study were approximately 25% 3 to 6 weeks after vaccination, 13% by 7 weeks after vaccination, and 0% by 15 weeks after vaccination. However, since we did not continue the pilot study beyond 13 weeks, the duration of OPV circulation in the community that we studied in Mexico may extend beyond what we report. Indeed, in our study, sewage was collected during the rainy season and was visibly more dilute than at other times during the year, yet OPV was still detectable. This suggests that because OPV shedding was still prevalent at 13 weeks under such conditions, shedding may have continued for some weeks further. We are currently conducting a larger, longitudinal study in the same Mexican community to determine the precise duration of OPV circulation.
A surprising result of our study was that the OPV-2 and -3 detected in both stool and sewage 6 to 13 weeks after the NID were predominantly nonrevertant. This conflicts with historical data, from both Mexico and elsewhere, in which by 2 weeks after receipt of OPV, almost all of the OPV shed by vaccinees is revertant with the characteristic point mutations in the 5Ј untranslated region (4, 12, 15) . The etiology of this discrepancy is unclear. Mexico has recently changed from propagation of OPV seed strains in primary monkey kidney cells to Vero cells (16) . However, there are no convincing data that propagation in Vero cells increases the stability of OPV, and indeed, one study showed no modification in the pattern of poliovirus excretion when children vaccinated with OPV propagated in Vero cells were compared with children vaccinated with OPV propagated in primary monkey kidney cells (11) . We were unable to confirm the absence of the point mutations by sequencing our samples, due to the low concentrations of virus present. However, our real-time PCR assay detected primarily revertant OPV, as expected, from stool samples from a separate study in Africa looking at OPV shedding (data not shown). We were able to sequence some of these isolates from African stool samples that had high OPV concentrations, and in all cases the sequence results corresponded to our real-time PCR results in terms of the presence or absence of the revertant point mutations. This suggests that the etiology of the absence of revertant OPV-2 and OPV-3 is not due to a flaw in our assay but rather is inherent in the samples themselves.
One limitation of our study is that the conditions in the Mexican community approximate, but do not replicate, what might occur if wild poliovirus is eradicated and there is global OPV cessation and initiation of IPV. In the latter scenario, moving forward from the date of OPV cessation, any child too young to have been vaccinated would be vaccinated only with IPV. In the Mexican community that we studied, while all the children had received IPV as their primary regimen, 45% of them had also received OPV during a national immunization day. Consequently, they might have higher intestinal immunity than children vaccinated solely with IPV. In addition, while the environmental conditions in Mexico are similar to those in countries that most favor poliovirus spread, Mexico has very high vaccination rates. Consequently, Mexico is not 1 of the 16 countries, primarily located in Africa and southern Asia, that suffered an outbreak of VDPV in the last decade (18) . These are countries where OPV circulation after global OPV cessation would be expected to continue the longest. However, until these countries implement a national change from OPV to IPV, the unique vaccination policy in Mexico best allows us to study OPV community circulation in a country that has switched to using IPV as its primary vaccination regimen.
In summary, our real-time PCR assay was able to detect very low concentrations of OPV in both stool and sewage and to distinguish nonrevertant and revertant serotypes. Using this assay, we were able to determine that OPV circulation continues for at least 13 weeks after a NID in a Mexican community primarily vaccinated with IPV. Further studies are ongoing to better define the duration of OPV circulation and mutation after a NID in Mexico. Of note, each liter of sewage was divided into 10 100-ml aliquots that were analyzed separately, and the median revertant proportion of the 10 aliquots is listed. When it was detected, concentrations of OPV were low (cycle thresholds, between 32 and 35). A revertant proportion close to 1.0 indicates that most of the virus has the revertant point mutation, while a revertant point mutation close to 0.0 indicates that most of the virus has not developed this point mutation. Revertant proportions close to 0.5 indicate a mixture of revertant and nonrevertant isolates.
